Cilia perform a variety of functions in a number of developmental and physiological contexts, and are implicated in the pathogenesis of a wide spectrum of human disorders. While the ciliary axoneme is assembled by intraflagellar transport, how ciliary membrane length is regulated is not completely understood. Here, we show that zebrafish embryos as well as mammalian cells overexpressing the ciliary membrane protein Arl13b, an ARF family small GTPase that is essential for ciliary differentiation, showed pronounced increase in ciliary length. Intriguingly, this increase in cilia length occurred as a function of the amounts of overexpressed Arl13b. While the motility of Arl13b overexpressing excessively long motile cilia was obviously disrupted, surprisingly, the abnormally long immotile primary cilia seemed to retain their signaling capacity. arl13b is induced by FoxJ1 and Rfx, and these ciliogenic transcription factors are unable to promote ciliary length increase when Arl13b activity is inhibited. Conversely, overexpression of Arl13b was sufficient to restore ciliary length in zebrafish embryos deficient in FoxJ1 function. We show that Arl13b increases cilia length by inducing protrusion of the ciliary membrane, which is then followed by the extension of the axonemal microtubules. Using mutant versions of Arl13b, one of which has been shown to be causative of the ciliopathy Joubert syndrome, we establish that the GTPase activity of the protein is essential for ciliary membrane extension. Taken together, our findings identify Arl13b as an important effector of ciliary membrane biogenesis and ciliary length regulation, and provide insights into possible mechanisms of dysfunction of the protein in Joubert syndrome.
Introduction
Cilia are hair-like organelles that protrude from the apical surfaces of most eukaryotic cells (Satir and Christensen, 2007) . The structure of the cilium has been remarkably conserved in evolution. The filamentous extracellular part of the organelle is made up of a scaffold of radially arranged of microtubules, the axoneme, which is enveloped by an extension of the plasma membrane, the ciliary membrane. The axoneme grows out of the basal body, a derivative of the mother centriole. The first step in ciliogenesis is the docking of the basal body with the apical plasma membrane (Santos and Reiter, 2008) . Following this event, extension of the axoneme occurs by intraflagellar transport (IFT), a kinesin and dynein based transport process that conveys components of the axoneme to the growing tip of the cilium, and returns disassembled material back to the basal body. Given their strategic location at the cell surface, cilia serve as signaling centers for a large number of developmental and physiological pathways. In addition, cilia on some cells-types are motile and are required for fluid transport over epithelia or cellular locomotion. Due to these manifold functions that cilia perform, they are implicated in the etiology of a variety of human diseases, collectively called ciliopathies (Hildebrandt et al., 2011) .
A feature that readily distinguishes cilia in one cell or tissuetype from another is their length (Ishikawa and Marshall, 2011) . For example, motile cilia on airway cells are short, whereas flagella on sperm cells are many times longer. It is easy to appreciate that ciliary length in these two contexts directly correlates with their mechanical function. Very long cilia will be ineffective in the clearance of mucus that has high viscosity. Likewise, a short cilium will be useless in providing the power needed for sperm propulsion. Primary cilia also exhibit variations in length -primary cilia in fibroblasts are typically short whereas those on cells of the kidney tubules are several times as long. The connection, if any, between primary cilia length and signaling capacity, however, is less well established. Disruption of many ciliary proteins that causes signaling abnormalities are also associated with changes in ciliary length (Ishikawa and Marshall, 2011; Avasthi and Marshall, 2012) . Since these situations are usually also accompanied by ultrastructural changes in the cilia, it is difficult to ascertain whether aberrant signaling is due to alterations in length or a consequence of other structural problems.
How do cells regulate ciliary length? Studies with Chlamydomonas have shown that flagellar length is determined by the competing processes of axonemal assembly and disassembly at the tip, and is dependent on IFT (Avasthi and Marshall, 2012) . Furthermore, the size and the rate of IFT material entry into the growing flagella changes (shorter IFT particles but faster rate of entry) as their length increases (Engel et al., 2009 ). Besides IFT, genetic studies with a number of flagellated protozoans have implicated several protein kinases and kinesin-13, in flagellar length control (Avasthi and Marshall, 2012) . While the precise function of the kinases is presently unknown, in Leishmania and Giardia, kinesin-13 seems to negatively regulate flagellar length by depolymerizing microtubules at the tip (Blaineau et al., 2007; Dawson et al., 2007) . How relevant are these findings for ciliary length regulation in metazoans, especially the vertebrates, which exhibit an extensive diversity in ciliary length? Clearly, the impact of IFT on ciliary length is conserved since mutations in IFT components in zebrafish and the mouse are associated with altered ciliary length (Pazour et al., 2000; Krock and Perkins, 2008) . In addition, recent studies have been able to uncover elements of conservation even at the level of the kinases and the kinesins. For instance, the male germ cell-associated kinase (MAK) negatively regulates the length of the primary connecting cilia in mammalian photoreceptors (Omori et al., 2010) . Furthermore, mutation of Kif19a, a microtubule depolymerizing kinesin related to kinesin-8 family members, leads to excessively long motile cilia in the mouse (Niwa et al., 2012) . Besides pointing to conserved mechanisms, these observations highlight that like in the protozoans, there are multiple controls for ciliary length regulation even among the vertebrates.
It will be apparent from the foregoing section that our current understanding of ciliary length control is heavily biased with information that pertains to changes in the length of the axoneme. However, to effectively alter ciliary length, the ciliary membrane that envelopes the axoneme must also be extended or shortened in proportion to underlying changes in the dimensions of the axoneme. Perhaps the best insight into this problem has come from the study of the Bardet-Biedl syndrome (a ciliopathy) protein complex, the BBSome. In vitro experiments on ciliated mammalian cells have shown that the BBSome functions with the GTPase Rab8a to control the polarized traffic of membrane vesicles to the cilium, and thus, contributes to the biogenesis of the ciliary membrane (Nachury et al., 2007) . However, recent genetic studies in the mouse embryo have failed to identify any contribution of Rab8 to ciliogenesis in vivo (Sato et al., 2014) . Thus, even though the importance of generating and regulating the proper length of the ciliary membrane can be readily appreciated, how these processes are brought about at the subcellular and molecular levels continue to remain incompletely understood.
Arl13b is a member of the Arf-like Ras superfamily of small GTPases that are involved in a wide diversity of cellular processes, including vesicle trafficking. A screen in the zebrafish to discover genes whose disruption led to the development of kidney cysts first established a role for arl13b in ciliogenesis (Sun et al., 2004) , a finding that was subsequently confirmed through studies of the homologous genes in the mouse and in Caenorhabditis elegans (Caspary et al., 2007; Cevik et al., 2010; Li et al., 2010) . Importantly, mutations in human ARL13B have been linked to the classical form of the ciliopathy Joubert syndrome (Cantagrel et al., 2008) .
Although the effects of these disease mutations on ciliary differentiation have not been evaluated, in the mouse, fish and worms, loss of Arl13b function is consistently associated with markedly shortened and deformed cilia (Caspary et al., 2007; Duldulao et al., 2009; Cevik et al., 2010; Li et al., 2010) . The N-terminal region of Arl13b contains palmitoylation motifs that promote membrane association, whereas ciliary localization signals, spread over the N (GTPase domain) as well as C-terminal regions (coiled-coil domain), ensure that protein is targeted specifically to the ciliary membrane that ensheaths the axoneme (Hori et al., 2008; Duldulao et al., 2009; Cevik et al., 2010) . Despite all of this information, the precise role of Arl13b in ciliary differentiation remains to be elucidated. Mechanistic insights into its function, derived almost exclusively from genetic analyses in C. elegans, suggest that the protein could be involved in transport processes within the cilium, perhaps by regulating IFT (Cevik et al., 2010; Li et al., 2010) . By manipulating the activity of Arl13b in zebrafish embryos and mammalian cells, we now present multiple lines of evidence that the protein has a key role in extending the ciliary membrane, and therefore appears to be an important regulator of ciliary length.
Results

Arl13b is sufficient for dose-dependent cilia length increase in zebrafish embryos
The possibility that Arl13b could be involved in cilia length regulation first occurred to us on examination of the cilia in a transgenic zebrafish strain that expresses the mouse Arl13b protein fused C-terminally with GFP (Arl13b-GFP) from the bactin promoter, Tg(bactin2::Arl13b-gfp) (Borovina et al., 2010) . In comparison to wild-type embryos, we found that the primary as well as the motile cilia in different tissues of the transgenic embryos were significantly longer ( Fig. 1A and B, and data not shown). Intriguingly, we found a positive correlation between cilia length and levels of Arl13b expression from the transgenic embryos: cilia were longer in embryos with stronger GFP fluorescence (reflective of more bactin2::Arl13b-gfp transgene inserts or position dependent high levels of transgene expression), relative to cilia of embryos with weaker GFP fluorescence (reflective of fewer transgene inserts or position dependent low levels of transgene expression) (data not shown). This indicated to us that Arl13b could regulate cilia length in a dose-dependent manner. To establish this possibility directly, we injected fertilized zebrafish eggs with quantified amounts of in vitro transcribed sense mRNA encoding mouse Arl13b-GFP, and assayed for alterations in the lengths of primary cilia in the somites for each dose (Fig. 1C) . We also gauged the relative amounts of overexpressed Arl13b protein in these situations by western blotting (Fig. 1D) . Consistent with our observations with the transgenic embryos, we found that cilia length increased as a function of the amounts of overexpressed Arl13b ( Fig. 1C and E) . To ensure that this effect on ciliary length was not due to an artifact of over-expressing mouse Arl13b in zebrafish embryos or an effect of tagging the protein with GFP, we overexpressed the zebrafish Arl13b protein C-terminally tagged with GFP or the haemagglutinin (HA) epitope, and found very similar effects on ciliary length increase (data not shown). Since the mouse Arl13b protein is capable of rescuing the ciliary defects of Arl13b deficient zebrafish embryos ( Supplementary Fig. 1 ), we decided to perform all of the subsequent experiments with the mouse Arl13b protein (here after referred to as Arl13b).
Arl13b overexpression by the methods described above ensures constitutive overexpression of the protein from early embryogenesis. To exercise temporal control, we generated an inducible transgene that gave us the flexibility to overexpress Arl13b at defined time points during development by heat induction. We injected the construct into fertilized zebrafish eggs and induced Arl13b expression mosaically at 14 h post fertilization (hpf) by subjecting the embryos to heat shock (at 37 1C for 1 h). At this time, ciliogenesis (both primary and motile) is well underway in the zebrafish embryo (Tay et al., 2010; Yu et al., 2008) .We found that even this temporally restricted overexpression of Arl13b resulted in a pronounced increase in ciliary length ( Supplementary Fig. 2) . Thus, the ability of Arl13b to promote ciliary length extension is not only contingent on the initiation of ciliogenesis, but this capacity is also effective once ciliary differentiation has been established.
Arl13b overexpression increases cilia length in mammalian cells
We next wanted to determine whether the ability of Arl13b to increase ciliary length is conserved in the context of mammalian cells. We transfected NIH3T3 (a mouse fibroblastic cell line) and IMCD3 (a mouse kidney cell line) cells with a construct that drives Arl13b-GFP expression from the constitutive CMV promoter. Both these cell types readily differentiate primary cilia in culture. Cells that were successfully transfected with the Arl13b-GFP expressing plasmid could be detected by screening for GFP fluorescence. In line with our findings with the zebrafish embryo, we observed a marked increase in the length of primary cilia in both cell types ( Fig. 2A-D) . A similar observation was recently made when Arl13b was overexpressed in mouse embryonic fibroblasts; however, this effect was not investigated to any further extent in that study (Larkins et al., 2011) . In control vector transfected cells, cilia length ranged from approximately 2 μm in the NIH3T3 cells to approximately 1.5 μm in IMCD3. By contrast, NIH3T3 cells with Arl13b overexpression had cilia that were up to 8 μm long, whereas those in IMCD3 cells were 6.5 μm long ( Fig. 2B and D) . Again, like in the zebrafish embryos, cilia length increase in the mammalian cell lines appeared to correlate with the levels of Arl13b overexpression, although the process of transient transfection, which delivered variable amounts of the expression construct into each cell, made it difficult to make an accurate quantification. Nevertheless, when the transfected cells were cultured for increasingly longer periods, a progressive increase in ciliary length was observed over time (see Supplementary Movie 1), indicating that the dosedependent effect of Arl13b in controlling ciliary length is also likely to be operative in mammalian cells. However, we cannot rule out the possibility that the levels of Arl13b remained at steady state with the time reflecting the duration needed for the cilia to fully extend.
Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.ydbio.2014.11.009.
To negate the possibility that cilia length increase on Arl13b overexpression was associated with defects in ciliary differentiation, we overexpressed Arl13b in the human retinal pigmented epithelial cell line RPE-1 and analyzed the localization of a number of ciliary markers with antibodies against their endogenous proteins. We found that the localization of TECTONIC1 (TCTN1) (a transition zone protein; Garcia-Gonzalo et al., 2011), CEP164 (a distal appendage protein of the basal body; Graser et al., 2007) as well as DZIP1 (a centriolar protein; Tay et al., 2010; Wang et al., 
Consequences of increased length on signaling and motility functions of cilia
As highlighted in the introductory section, different cell-types within the vertebrate body differentiate cilia of specific lengths. We decided to examine the effects of the abnormally long cilia that developed due to Arl13b overexpression on the signaling and motility functions of the organelles. For all of these experiments, we used 300 ng/μl dose of Arl13b mRNA to over-express the Arl13b protein. In the developing vertebrate embryo, the most important role of the primary cilia is in the transduction of the Hedgehog (Hh) signal (Goetz and Anderson, 2010) . Therefore, we analyzed Arl13b overexpressing zebrafish embryos for changes in Hh pathway activity by monitoring the expression levels and pattern of the patched1 (ptc1) gene. ptc1 encodes a 9-pass transmembrane protein that functions as the Hh receptor. ptc1 is also a direct target of the Hh pathway: its transcription is universally induced in response to Hh signaling, and serves as a reliable and sensitive indicator of the levels of signaling activity (Concordet et al., 1996) . Despite the significant increase in the length of primary cilia in the Arl13b overexpressing embryos relative to the wild-type, we could discern no obvious changes in the levels or pattern of ptc1 transcription by whole-mount in situ hybridization (Fig. 3A) . Besides visually monitoring the status of ptc1 transcription, we also performed real time quantitative PCR (RT-qPCR) analysis to measure the accumulation of ptc1 and gli1 transcripts. gli1 encodes a Gli family transcriptional regulator that functions in the regulation of Hh target gene expression, and like ptc1, is also transcriptionally induced in response to Hh pathway activation (Lee et al., 1997) . We found no significant changes in the abundance of ptc1 or gli1 transcripts in Arl13b overexpressing embryos relative to wild-type controls (Fig. 3B) .
On the other hand, the effects of lengthy motile cilia were much more readily obvious in a number of developmental contexts. We observed that a significant proportion of the Arl13b overexpressing embryos exhibited alterations in left-right asymmetry, apparent in the aberrant (right-sided or medial) disposition of the embryonic heart tube (Fig. 3C ). Since situs determination in vertebrate embryos is initiated by cilia driven leftward-directed fluid flow within the node (Babu and Roy, 2013) , altered positioning of the heart tube in Arl13b overexpressing embryos is likely to ensue from defective beating of the abnormally long motile cilia in Kupffer's vesicle (KV), an organ of laterality that is the teleost equivalent of the node ( Fig. 3D and E, and Supplementary Movies 2 and 3). Like KV, fluid flow driven by motile cilia in the zebrafish otic vesicle is required for the precise deposition of calcium carbonate crystals, the otoliths, on mechanosensory hair cells that detect sound and balance (Riley et al., 1997; Yu et al., 2011) . We found that otolith deposition in Arl13b overexpressing embryos was also disrupted to varying extents. Wild-type embryos typically contain two otoliths positioned on hair cells located at the anterior and posterior poles of the otic vesicle. Arl13b overexpressing embryos exhibited a range of otolith defects -single otolith, abnormally shaped otoliths as well as mispositioned otoliths (data The quantitative comparison of gli1 and ptc1 mRNA levels between wild-type and Arl13b overexpression using qRT-PCR. The rplpo gene was used as an internal loading control, and the levels of the transcripts in wild-type embryos were arbitrarily set at 1. 6 samples from 2 independent batches of embryos were analyzed. (C) Quantitation of heart looping positions in 24 hpf wild-type and embryos that overexpressed Arl13b. 100 embryos were analyzed from each group. Left position (L), middle position (M), right position (R). (D) Motile cilia in KV of a 12 hpf wild-type embryo and an embryo that overexpressed Arl13b. (E) Quantitation of motile cilia length increase in response to Arl13b overexpression in KV. 10 embryos were analyzed from each group, 20 cilia from each embryo. (F) TEM of motile cilia in pronephric (kidney) duct of a 24 hpf wild type embryo and an embryo overexpressing Arl13b. Yellow arrows indicate the central pair, red arrow the outer microtubule doublets and green arrow the outer dynein arms. Scale bar¼ 0.1 nM. 3 embryos were sectioned and analyzed in each category. Ciliary axonemes in panel C were stained with antiacetylated tubulin antibodies (red), and Arl13b was visualized with GFP fluorescence (green). not shown). Direct visualization of ciliary motility within the otic vesicles using high-speed videomicroscopy revealed impaired beating of the lengthy cilia (data not shown). We also examined motile cilia in the pronephric ducts, which are equivalent to the kidney tubules of mammals. Like the otic vesicle cilia, the pronephric cilia of Arl13b overexpressing embryos also exhibited abnormal motility when compared to wild-type embryos ( Supplementary Fig. 4 and Supplementary Movies 4 and 5). To establish that the motility defects were not due to a disruption of ciliary ultrastructure on Arl13b overexpression, we examined the pronephric duct cilia by transmission electron microscopy (TEM). No apparent changes were detected in the peripheral microtubules, central pair apparatus or the dynein arms (Fig. 3F) . Thus, unlike the primary cilia, where length increase did not affect signaling capability, increased length of the motile cilia affected their beating, and deranged developmental processes linked to their motility.
Loss of Arl13b abrogates the ability of ciliogenic transcription factors FoxJ1 and Rfx to promote ciliary length increase
In metazoans, ciliogenesis is programmed by the activity of two sets of conserved transcription factors that regulate a whole suite of genes involved in cilia assembly and function (Choksi et al., 2014a) . While FoxJ1, a member of the Fox family of winged-helix transcription factors, has a dedicated role in the differentiation of motile cilia, the Rfx family of transcription factors regulates primary cilia formation and also participates in motile ciliogenesis downstream of FoxJ1. We and others have previously documented a master regulatory role for FoxJ1 in motile cilia differentiation: misexpression of FoxJ1 is sufficient to induce long motile cilia in cells that normally differentiate short primary cilia (Stubbs et al., 2008; Yu et al., 2008; Choksi et al., 2014b) (Fig. 4A and B) . Although the Rfx factors, unlike FoxJ1, have not been shown to be sufficient for ciliogenesis, overexpression of Rfx3 in cultured mammalian cells can increase the length of primary cilia (Cruz et al., 2010) . In line with this, we found that overexpression of Rfx2 in zebrafish embryos can also induce ciliary length increase ( Fig. 4A and B) . Thus, the levels of these transcription factors appear to be key determinants of ciliary length regulation, and we wanted to learn whether Arl13b is an essential component of this process. We found that the transcription of arl13b is robustly upregulated by Rfx2 and FoxJ1 in zebrafish embryos overexpressing these transcription factors ( Fig. 4C and D ; in zebrafish there are 2 FoxJ1 paralogs (Yu et al., 2008) , we have investigated FoxJ1a in this study and we refer to it as FoxJ1). We next evaluated whether the removal of Arl13b function would affect the ability of FoxJ1 and Rfx2 to promote ciliary length increase. Consistent with earlier studies (Duldulao et al., 2009 ), injection of antisense morpholino oligonucleotides into zebrafish embryos that targeted the translation of the Arl13b protein, resulted in a severe shortening of cilia. We found that this phenotype persisted even when the morpholinos were injected into FoxJ1 and Rfx2 overexpressing embryos (Fig. 4E-G and Supplementary Fig. 5 ).
Arl13b is sufficient to restore ciliary length in FoxJ1 deficient zebrafish embryos Since Arl13b activity is necessary for the ciliary transcription factors FoxJ1 and Rfx2 to induce ciliary length increase, we next analyzed whether overexpression of Arl13b in embryos deficient in FoxJ1, and consequently with severely truncated motile cilia, is sufficient to restore ciliary length. For this, we injected antisense morpholinos targeting FoxJ1 alone or in combination with mRNA encoding Arl13b-GFP, and then examined ciliary length with antiacetylated tubulin antibodies. We found that in contrast to the severely shortened motile cilia in embryos injected with the FoxJ1 morpholinos alone, those that also overexpressed Arl13b-GFP had cilia whose axonemes were significantly longer ( Fig.5A and B) . Together with results from the preceding section, this finding identifies an essential function for Arl13b in the ciliogenic programs controlled by FoxJ1 and Rfx transcription factors for the generation of ciliary length.
Arl13b causes ciliary membrane protrusion
To gain insights into the subcellular mechanism by which Arl13b can bring about ciliary length elongation, we carefully checked the morphology of Arl13b overexpressing cilia in cultures of mammalian cells by immunofluorescence. Surprisingly, we found that in contrast to wild-type cilia, where endogenous Arl13b localization on the ciliary membranes is completely congruent with acetylated tubulin staining of the axonemal microtubules (Fig. 6A) , about 30% of cilia with Arl13b overexpression showed Arl13b staining that extended well beyond the axonemes labeled with antibodies to acetylated tubulin ( Fig. 6B and E) . We also found a similar situation among cilia in zebrafish embryos that overexpressed Arl13b (Supplementary Fig. 6 ). Since Arl13b is a ciliary membrane protein (Cevik et al., 2010; Larkins et al., 2011) , this suggested to us that in these cilia with Arl13b overexpression, ciliary membrane might be longer than the microtubule core. To confirm this possibility, we overexpressed Arl13b-GFP together with Somatostatin receptor type 3 (SSTR3), a 7 transmembrane domain containing G-protein coupled receptor for the hormone Somatostatin, that also localizes to ciliary membranes (Berbari et al., 2008) . Arl13b and SSTR3 perfectly co-localized on ciliary membranes, and in about 30% of the cilia that co-overexpressed the two proteins, their domain of staining extended beyond that of acetylated tubulin (Fig. 6C) . We made a similar observation with antibodies to unmodified alpha-tubulin (Fig. 6D) , whereas the extent of staining with for alpha-tubulin and acetylated tubulin were largely congruent (Fig. 6E) , ruling out a delay in tubulin acetylation and reaffirming that it is indeed the elongation of the axoneme that lags behind the elongation of the ciliary membrane. These findings from fixed preparations suggest that ciliary length increase by Arl13b occurs first by protrusion of the ciliary membrane, which is then followed by extension of the axonemal microtubules.
Intriguingly, we also found that overexpressed Arl13b-GFP was associated with protuberances or bulges of the ciliary membrane ( Fig. 6F and G) . These bulges appeared randomly at different positions along the length of the cilium, from the base to the tip (Fig. 6F ), indicating that they could actually be moving along the length of the cilium. To confirm this notion, we used live imaging to visualize these structures in real time. We observed that these membrane bulges indeed moved along the cilia from the base to the tip, which was then followed by an increase in the length of the cilia (Supplementary Movie 6) . In this connection, we noticed that the distribution of endogenous Arl13b protein on ciliary membranes is also not homogenous, but occurs in discrete membrane domains that appear in a punctate pattern along the length of the cilia (Fig. 6H) . We postulate that the bulge-like structures that form on Arl13b overexpression represent an exaggerated production of these membrane domains which move to the ciliary tip and then contribute to the protrusion of the ciliary membrane.
The GTPase activity of Arl13b is required for extension of the ciliary membrane
In order to begin to understand the mechanistic basis of Arl13b activity in ciliary length regulation, we focused on its GTPase function.
Two mutations, T35N and R78Q, both within the highly conserved GTPase domain of Arl13b, were generated (Fig. 7A) . These mutations abrogate the ability of Arl13b to bind GTP. The R78Q alteration is homologous to the R79Q mutation in human ARL13B, which was first identified in patients afflicted with Joubert syndrome, whereas T35N is also predicted to result in a nucleotide free form of Arl13b based on previous studies with other small GTPases (Cantagrel et al., 2008; Hori et al., 2008) . We overexpressed these two mutant variants tagged with GFP in NIH3T3 cells and analyzed the effects on ciliary length by immunofluorescence. Consistent with earlier observations (Hori et al., 2008; Duldulao et al., 2009; Humbert et al., 2012) , these two mutant variants of Arl13b were still able to localize to cilia, and were expressed at levels similar to wild-type Arl13b (Fig. 7B and C) . However, relative to wild-type Arl13b, we found that there was a significant reduction in the capacity of the mutant proteins to bring about increase in ciliary length ( Fig. 7B and D) . Comparison of GFP expression with acetylated tubulin staining did not reveal any indication of ciliary membrane protrusion that is observed when wild-type Arl13b is overexpressed. Moreover, unlike wild-type Arl13b, overexpression of these two mutant forms of the protein did not generate bulges on the ciliary membrane. Thus, while the GTPase activity of Arl13b is dispensable for ciliary membrane localization of the protein, it is absolutely necessary for promoting elongation of the ciliary membrane.
We used the R78Q construct to control for the effect of wildtype Arl13b over-expression on ciliary length increase in zebrafish embryos. We found that as in the mammalian cells, overexpression of the R78Q mutant at a dose that produced prominent ciliary length increase with wild-type Arl13b (300 ng/μl), did not result in any significant elongation of cilia in the pronephric duct or KV, and also did not alter their beating (Supplementary Movie 7 and 8, and data not shown). Consequently, over-expression of the R78Q mutant also did not have a significant effect on the determination of left-right asymmetry (Supplementary Fig. 7 ).
Discussion
Perhaps the most readily apparent morphological attribute that distinguishes different types of cilia is ciliary length. Ciliary length differences are sometimes so strikingly obvious that this feature is often regarded as a classic paradigm to study how organellar size is regulated (Chan and Marshall, 2012) . Despite this interest, our current understanding of the biology of ciliary length regulation remains quite fragmentary. Loss-of-function of a number of proteins has been shown to alter flagellar and ciliary length in protozoans as well as the metazoans (Avasthi and Marshall, 2012) . In most instances, the mechanisms involved are not known. In addition, a significant number of these purported cilia length modulators have been studied in the context of primary cilia on cells grown in vitro, and it is not clear whether they also function to alter cilia length in vivo. An important attribute of a definitive length regulator is that the loss-as well as the gain-of-function of the protein should have opposing effects on ciliary length. The properties of only two proteins, kinesin-13 and Kif19a, the two negative regulators of axonemal length, appear to fit these criteria (Blaineau et al., 2007; Dawson et al., 2007; Niwa et al., 2012) , although whether Kif19a overexpression can shorten cilia in vivo has not been evaluated. Besides, the length regulatory function of these kinesins pertains to the motile cilia, yet, length regulation is a common feature of the primary as well as the motile cilia. All of these deficiencies in our knowledge of ciliary length regulation suggest that the identification of additional and generic regulators of ciliary length, and their mode of action remain key questions in the field.
Studies with Arl13b homologs in C. elegans as well as the zebrafish and mouse have shown that the protein is essential for proper ciliary differentiation (Caspary et al., 2007; Duldulao et al., 2009; Cevik et al., 2010; Li et al., 2010) . In the absence of Arl13b, cilia become significantly short and display defects in their axonemal microtubules. Biochemical studies have shown that Arl13b associates with the ciliary membrane, and that the localization of a number of ciliary membrane proteins, which participate in cilium-based signaling pathways, is affected when Arl13b function is compromised (Cevik et al., 2010; Larkins et al., 2011; Humbert et al., 2012; Li et al., 2012) . These findings, however, do not explain why loss of Arl13b severely impairs the ability of cilia to attain their proper lengths. The best approximation of a function of Arl13b, which could explain the strong requirement of the protein in proper ciliary differentiation, is genetic data from C. elegans indicating a role in coordinating IFT (Cevik et al., 2010; Li et al., 2010) . By contrast, IFT appears to be unaffected in cilia that differentiate in mammalian cells lacking Arl13b (Larkins et al., 2011) . Thus, our understanding of the functions of Arl13b in ciliary differentiation is far from complete.
Misexpression or overexpression studies often complement lossof-function analysis, and help to unravel the biological functions of proteins. For example, the ability of the MyoD family of transcription factors to convert fibroblasts to myocytes led to the recognition of their master regulatory role in skeletal muscle formation (Tapscott et al., 1988) . With respect to cilia, similar misexpression studies have identified master regulatory roles for the FoxJ1 transcription factors in motile cilia biogenesis (Yu et al., 2008; Choksi et al., 2014b) . Building on previous findings on the effect of the loss of Arl13b function in ciliary differentiation, we have now used overexpression studies to gather support for an essential role of Arl13b in the regulation of ciliary length. Unlike most of the proteins that have been previously linked with ciliary length control, Arl13b is unique in that it is a positive regulator of ciliary length, and is both necessary as well as sufficient for this process. Moreover, this role of Arl13b is not cilia-type restricted, but is relevant for length regulation of the primary as well as the motile cilia. The excessively long motile cilia that formed on Arl13b overexpression in zebrafish embryos were clearly dysfunctional and adversely affected developmental processes linked to their motility. Surprisingly, Arl13b overexpressing zebrafish embryos, despite having very long primary cilia, did not show any discernible deregulation of the Hh pathway, suggesting that notwithstanding their extreme lengths, the signaling capacity of these organelles is not altered. Flagellar growth in Chlamydomonas is preceded by a marked transcriptional induction of genes encoding components of the flagellar apparatus (Stolc et al., 2005) . Likewise, we have found that Arl13b is induced by FoxJ1 and Rfx2, transcription factors that orchestrate the ciliary transcriptional program in metazoans. Although these regulatory proteins can drive ciliary length increase, they are unable to do so in the absence of Arl13b activity. Therefore, the contribution of Arl13b to cilia length control is indispensable, and cannot be substituted by other factors even in situations where the entire ciliogenic pathway is strongly up-regulated. Strikingly, Arl13b can restore cilia length in the absence of FoxJ1 activity, bolstering the view that the protein is indeed a limiting factor in ciliary length regulation.
Mechanistically, how does Arl13b control ciliary length? A large body of work has established the role of the Arf family of GTPases in membrane dynamics such as vesicular trafficking pathways (Donaldson and Jackson, 2011) . Furthermore, there is evidence that these proteins can directly act on membranes and alter their shape. For example, purified Arf1 can bring about tubulation of membrane sheets in in vitro assays (Beck et al., 2008) . Given that Arl13b is a ciliary membrane associated GTPase, our findings are consistent with the notion that Arl13b functions at the ciliary membrane to bring about alterations in ciliary length. We have documented multiple lines of evidence that Arl13b has the ability to induce ciliary membrane protrusion. Direct visualization of this phenomenon in living cells overexpressing Arl13b has revealed ciliary membrane bulges that travel along the length of the cilium, and ultimately bring about protrusion of the membrane at the ciliary tip. The ability to extend the ciliary membrane distinguishes Arl13b from the majority of ciliary length regulatory molecules, which are instead thought to act primarily on the axonemal microtubules. Just as increase in axonemal length must be coordinated by a proportional increase in length of the ciliary membrane, protrusion of the ciliary membrane also signals the extension of the axoneme. While this signifies the existence of a mechanism for coupling ciliary membrane extension with axoneme elongation, how exactly this is achieved and whether Arl13b also has a role in the extension of the axoneme is presently unclear. Finally, we have utilized a variant of Arl13b, previously implicated in the etiology of Joubert syndrome (Cantagrel et al., 2008) , to begin to gain insights into how the protein regulates ciliary membrane extension. Although this mutation is pathogenic, how it results in ciliary dysfunction had remained unclear. We found that even though Arl13b with the R78Q mutation, which abrogates GTP binding, was able to localize to cilia, it was unable to promote any ciliary length increase. A similar effect was obtained with another nucleotide free form of Arl13b, T35N. These findings clearly underscore the importance of the GTPase activity of Arl13b in promoting ciliary membrane elongation. Elucidation of further mechanistic basis of this process will require in-depth biochemical analysis, for example, to identify the GAP and GEF proteins that could modulate the GTPase activity of Arl13b, and the effectors molecules that function downstream of this cascade.
Materials and methods
Ethics statement
All experiments with zebrafish embryos were approved by the Singapore National Advisory Committee on Laboratory Animal Research.
Zebrafish strains
Wild type and the transgenic zebrafish strains Tg(bactin2:: Arl13b-gfp) (Borovina et al., 2010) , Tg(hsp70::rfx2-HA) and Tg (hsp70::foxJ1a-HA) (Choksi et al., 2014b) were maintained according to standard procedures for fish husbandry. The Tg(hsp70::rfx2-HA) strain was generated by microinjecting wild-type zebrafish embryos with a linearized plasmid containing the hsp70::rfx2-HA construct together with I-SceI meganuclease (see below). The injected embryos were raised to adulthood and the transgenic founder fish were identified by heat shocking the progeny embryos followed by screening for HA expression.
Mammalian cell culture
IMCD3 and NIH3T3 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) (Sigma, St. Louis, IL, USA) with 4500 mg/L glucose and 10% fetal bovine serum.
Molecular cloning
Mouse Arl13b and Sstr3 open reading frames were amplified from NIH3T3 cell line cDNA and zebrafish arl13b from zebrafish embryo cDNA using PCR, and cloned into vectors pCS2-XLT, pCS2-bb, pXJ-40-HA or HspIG vectors. Zebrafish rfx2 was amplified by PCR from embryonic cDNA, fused in frame at the 3 0 end with the coding sequence for the HA epitope and then cloned into the HspIG vector. cDNAs encoding mutant variants of Arl13b and were generated by site directed mutagenesis using the Quickchange Site Directed mutagenesis kit (Stratagene).
In vitro transcription of capped sense mRNA
Mouse and zebrafish Arl13b cDNA fused with sequences for different epitopes were linearized and capped sense mRNA was generated by the SP6 mMessage Machine Kit (Ambion). 
Microinjection of zebrafish eggs and rescue
Different dosages of mRNA encoding Arl13b-GFP (200 ng/μl, 300 ng/μl and 500 ng/μl; 0.75 nl per egg), linearized plasmid containing the hsp70::rfx2-HA transgene (30 ng/μl), linearized plasmid containing the hsp70::Arl13b-GFP (50 ng/μl) and previously described translation inhibitory morpholinos against arl13b (Duldulao et al., 2009 ) and foxJ1a (Yu et al., 2008) (1 mM; 0.75 nl per egg) were microinjected into freshly fertilized zebrafish eggs at the single cell stage. For arl13b morphant rescue, after morpholino injection, the mouse Arl13b-GFP mRNA (200 ng/μl) was microinjected. The injected embryos were cultured in embryo medium to desired developmental stages.
Heat inducible expression of rfx2, foxJ1a and arl13b transgenes Embryos of Tg(hsp70::rfx2-HA) and Tg(hsp70::foxJ1a-HA) transgenic zebrafish were heat shocked at 37 1C for 1 h at 10 hpf. Following a recovery period of 2 h, the embryos were heat shocked one more time for an hour and then harvested at specific developmental times. Embryos microinjected with hsp70::Arl13b-GFP transgene were heat shocked at 37 1C for 1 h at 14 hpf. The embryos were harvested following a recovery period of 2 h.
DNA transfection into mammalian cells
Cells were seeded in 6 well culture dishes approximately 24 h prior to transfection. A total of 3 mg of different plasmid DNA in 100 ml OPTI-MEM (reduced serum media from Gibco) was added to a solution containing 3 ml Lipofectamine2000 (Gibco) in 100 ml OPTI-MEM. The mixture was incubated at room temperature for 15 min, and then an additional 1.5 ml OPTI-MEM was added, gently mixed and overlayed onto the cells. The cells, DNA and transfection reagent were incubated for 4 h at 37 1C. Cells were washed twice with PBS, replaced with complete growth medium, and incubated at 37 1C until further experimentation.
Antibody staining and immunofluorescence microscopy
Cells grown on coverslips were fixed with culture medium containing 3.7% formaldehyde for 15 min at 37 1C. Fixed cells were permeabilized with PBS containing 0.2% Triton X-100, blocked with FDB (5% normal goat serum, 2% FBS and 2% BSA in PBS) and then incubated with appropriate primary antibodies for 1 h. The cells were then washed with PBS with 0.1% triton X-100 and incubated with corresponding fluorophore conjugated secondary antibodies for 1 h. Zebrafish embryos of specific developmental stages were fixed in 4% paraformaldehyde for 2 h at room temperature, washed with PBS and then stored in methanol at À20 1C overnight. Fixed embryos were blocked with PBDT (PBS containing 1% BSA, 0.5% TritonX-100, 1% DMSO) together with 2% normal sheep serum, and then incubated with appropriate primary antibodies overnight. The embryos were then washed with PBDT and incubated with corresponding fluorophore conjugated secondary antibodies for 5 h. After washing off secondary antibodies, cells and embryos were mounted on slides for microscopy. Primary antibodies used were: anti-zebrafish Arl13b antibody (1:500; gift from Z. Sun), anti-mouse Arl13b antibody (1:500; Proteintech), anti-HA antibody (1:500; Santa Cruz Biotech) and anti-acetylated tubulin (1:500; Sigma-Aldrich) or anti-alpha tubulin antibodies (1:500; Abcam), anti-DZIP1 antibody (1:250; Proteintech), anti-CEP164 (1:200; Sigma) and anti-TCTN1 (1:200; Proteintech). Alexa Fluor-conjugated secondary antibodies were purchased from Invitrogen. Cells and embryos were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI) to visualize nuclei where required. Slides were scanned using an Olympus confocal microscope (Fluoview FV1000).
RNA in situ hybridization
RNA in situ hybridization was carried out according to standard protocol. Briefly, zebrafish embryos were fixed overnight in 4% paraformaldehyde at 4 1C. Digoxigenin-UTP-labeled antisense probes for the ptc1 gene was used. Alkaline phosphatase-coupled anti-digoxigenin antibodies were used to detect hybridized probes. NBT/BCIP (Roche) was used to visualize the signal.
TEM
24 hpf wild-type and Arl13b-GFP overexpressing zebrafish embryos were fixed with 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer. The samples were then post-fixed with 1% osmium tetroxide followed by 2% uranyl acetate, and dehydrated through a graded series of ethanol. Epon resin (Electron Microscopy Sciences) was used for embedding. Ultrathin sections were cut on an ultramicrotome (Leica Ultracut UCT) and stained with uranyl acetate and lead citrate. The sections were then viewed using a JEM 1010 microscope (JEOL Ltd.) operating at 80 kV.
High speed video microscopy
To record cilia motility, zebrafish embryos were embedded in 1.5% low-melting-point agarose (with 0.0175% Tricaine for 24 hpf embryos) on 50 mm glass-bottom dishes. Ciliary motility was viewed with a Zeiss 63X water-dipping objective on an upright Zeiss Axioplan2 microscope equipped with an ORCA-Flash4.0 V2 C11440-22CU camera (Hamamatsu). Processing of videos and kymograph analysis was performed with ImageJ 1.44d (NIH, USA).
Live imaging of ciliary membrane protrusion NIH3T3 cells were seeded on 50 mm dish. After transfection with Arl13b-GFP plasmid, the cells were maintained in the Leica (AF6000 Bruchure) live station with an environmental chamber. The images were captured with a 63 Â water-dipping objective at the rate of 1 fpm, over a duration of 100 min. The movies were processed using Metamorph.
Quantification and statistical analysis of ciliary length
At least 20 confocal images of cilia were randomly captured for each experiment. Ciliary length was analyzed using Olympus Fluoview FV1000 version 3.1 software. Statistical analysis was done with GraphPad Prism using Student's T-test, and the average ciliary length (with standard deviation) was calculated.
RT-qPCR
RT-qPCR was performed to quantitatively analyze the expression of ptc1 and gli1 genes. The first strand cDNA was synthesized from 0.5 μg total RNA, using Superscript s III reverse transcriptase kit (Life Technologies, USA). Then, RT-qPCR was carried out using SYBR green PCR kit (Qiagen, Singapore). Reactions were performed in 96-well PCR plates using the Rotor-Gene thermal cycler (Corbell research) for qPCR measurement. Amplification consisted of an initial denaturation for 2 min at 98 1C, followed by 40 cycles of melting at 95 1C for 10 s, annealing at 55 1C for 30 s and extension at 72 1C for 30 s.
